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Some populations quickly adapt to strong and novel selection pressures caused by 
anthropogenic	stressors.	However,	this	short-	term	evolutionary	response	to	novel	
and	harsh	 environmental	 conditions	may	 lead	 to	 adaptation	 costs,	 and	 evaluating	
these costs is important if we want to understand the evolution of resistance to an-
thropogenic	 stressors.	 In	 this	 experimental	 evolution	 study,	 we	 exposed	
Caenorhabditis elegans	 populations	 to	 uranium	 (U	 populations),	 salt	 (NaCl	 popula-
tions)	and	alternating	uranium/salt	treatments	(U/NaCl	populations)	and	to	a	control	
environment	 (C	 populations),	 over	 22	 generations.	 In	 parallel,	 we	 ran	 common-	
garden	and	reciprocal-	transplant	experiments	to	assess	the	adaptive	costs	for	popu-





uranium	environments	was	 lower	 for	NaCl	populations	 than	 for	U	populations.	 In	
contrast,	fitness	in	salt	environments	was	similar	between	U	and	NaCl	populations.	
Moreover,	fitness	of	U/NaCl	populations	showed	similar	or	higher	fitness	in	both	the	
uranium and the salt environments compared to populations adapted to constant 
uranium or salt environments. Our results show that adaptive evolution to a particu-
lar stressor can lead to either adaptive costs or benefits once in contact with another 
stressor.	Furthermore,	we	did	not	find	any	evidence	that	adaptation	to	alternating	
stressors was associated with additional adaption costs. This study highlights the 
need to incorporate adaptive cost assessments when undertaking ecological risk as-
sessments of pollutants.
K E Y W O R D S
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1  | INTRODUCTION
Environmental	 changes,	 such	 as	 pollution	 or	 habitat	 fragmentation,	
have increased in frequency and intensity throughout the world as the 
result	of	anthropogenic	activities	(Millennium	Ecosystem	Assessment,	
2005).	Understanding	evolutionary	 responses	 to	 these	 changes	may	
be critical for the conservation of natural populations in the future 
(Bell	&	Collins,	2008;	Tilman	&	Lehman,	2001).	Adaptive	genetic	vari-
ation should allow populations to quickly adapt to severe and novel 
stressors,	and	thus	reduce	their	risk	of	extinction	(Bell	&	Collins,	2008;	
Charlesworth	 &	 Hughes,	 2000;	 Hoffmann	 &	 Parsons,	 1991;	 Reed,	
Lowe,	Briscoe,	&	Frankham,	2003).	For	instance,	some	populations	have	
been	shown	to	evolve	rapidly	in	response	to	several	pollutants,	such	as	




changes in response to selection in a given environment can happen 
over	just	a	few	generations	(Hoffmann	&	Parsons,	1991;	Morgan,	Kille,	
&	Stürzenbaum,	2007).	However,	such	adaptive	response	is	often	hy-
pothesized to come with a cost that constrains future evolutionary 
potential	 in	 several	 ways	 (Bergelson	 &	 Purrington,	 1996;	 Coustau,	





pleiotropy	 creates	 genetic	 trade-	offs	 that	 can	 limit	 the	 evolutionary	
potential	of	a	population	in	rapidly	changing	environments	(Fry,	1993;	
Williams,	 1957).	 Finally,	 the	 evolution	 of	 specific	 life	 history	 strate-




has adapted to a particular stressor has to deal with another novel 
stressor	(Jansen,	Stoks,	et	al.,	2011;	Mireji	et	al.,	2010;	Shirley	&	Sibly,	
1999;	 Ward	 &	 Robinson,	 2005;	 Xie	 &	 Klerks,	 2003).	 However,	 in	





ence of other stressors. Results failing to show costs to alternative 
environments have been attributed to the difficulty in statistically de-
tecting antagonistic pleiotropy or to the choice of the environmental 
conditions	by	those	studies	that	did	not	produce	any	cost.	An	example	
of	the	different	cases	is	described	in	the	study	of	Ward	and	Robinson	







induced	 by	 a	 constant	 stress	 from	 a	 single	 stressor	 (Jansen,	 Stoks,	
et	al.,	2011;	Ward	&	Robinson,	2005;	Xie	&	Klerks,	2003)	or	 from	a	
simultaneous	 combination	 of	 stressors	 (Jansen,	 de	Meester,	 Cielen,	
Buser,	&	Stoks,	2011;	Jasmin	&	Kassen,	2007;	Koskella,	Lin,	Buckling,	
&	Thompson,	2012).	Comparatively	few	studies	have	examined	how	
populations adapt to a temporally heterogeneous environment and 
its	consequence	on	adaptation	costs	 (Magalhães,	Cailleau,	Blanchet,	
&	Olivieri,	2014;	Reed	et	al.,	2003;	Turner	&	Elena,	2000),	despite	the	





heterogeneity may help populations maintain a higher level of genetic 
variation	 (Hedrick,	1986;	Roff,	2002),	 and	 lower	adaptation	costs	 in	
comparison	 with	 evolution	 in	 a	 homogeneous	 environment	 (Reed	
et	al.,	2003).	Predictions	of	the	adaptation	costs	in	heterogeneous	en-
vironments relative to those in homogeneous environments are not 
clear	yet,	and	it	is	necessary	to	assess	their	respective	effects	on	the	
evolution of adaptation costs.
In	 this	 study,	we	used	 an	experimental	 evolution	 approach	with	
Caenorhabditis elegans	 populations	 to	 test	whether	1)	 adaptive	evo-
lution to a particular stressor leads to adaptation costs when the 
population is transferred into a nonpolluted environment or has to 
deal	with	another	stressor;	and	2)	adaptive	evolution	 in	a	heteroge-
neous environment leads to higher or lower adaptation costs than 
evolution	 in	 homogeneous	 environments.	 Populations	were	 allowed	
to evolve for 22 generations in response to a constant uranium en-
vironment	(U	populations),	a	constant	high	sodium	chloride	environ-
ment	 (NaCl	 populations)	 or	 an	 alternating	 U/NaCl	 environment	 at	
each	 generation	 (U/NaCl	 populations).	A	 set	 of	 control	 populations	
(C	populations)	was	maintained	for	the	same	number	of	generations	
in	 the	same	environment	without	any	stressor.	Uranium	 is	a	natural	
radioactive heavy metal whose concentrations in sediments or surface 
soils	have	 increased	recently	as	a	result	of	human	activities,	such	as	






thus reducing energy and nutrient assimilation. In C. elegans,	uranium	
is	assumed	to	decrease	the	assimilation	of	energy	from	food	(Goussen	
et	al.,	 2015).	 Salt	 concentration	 has	 recently	 increased	 in	 several	
ecosystems with important sources of salt originating from winter 
road	 maintenance,	 wastewater	 and	 intensive	 irrigation	 (e.g.,	 Dugan	
et	al.,	 2017;	Müller	 &	 Gächter,	 2012;	 Rengasamy,	 2006;	Verwey	 &	
Vermeulen,	2011).	High	salt	exposure	is	an	extreme	hypertonic	stress	
that provokes a rapid water and solute content loss in C. elegans cells 
(Lamitina,	Morrison,	Moeckel,	&	Strange,	2004).
We	 chose	 to	 study	 life	 history	 (growth,	 early	 and	 late	 fertility)	
and	behaviour	 traits	 (male	body	bend)	 that	 are	directly	or	 indirectly	
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linked	 to	 fitness	 and	 to	 the	 dynamics	 of	 the	 populations	 (Dutilleul	
et	al.,	2014).	These	traits	are	also	generally	phenotypically	correlated	
with	 each	 other,	 are	 involved	 into	 particular	 life	 history	 strategies	
(Pigliucci	&	Preston,	2004)	 and	 thus	may	 coevolve	 in	 response	 to	 a	
given	 stressor.	We	 ran	 two	 types	 of	 experiments	with	 the	 popula-
tions	from	the	selection	experiment	 (see	Fig.	A1	 in	Appendix	S1	for	
a	 schematic	 representation).	 First,	 we	 transferred	 individuals	 from	
U,	NaCl	or	U/NaCl	populations	back	 into	the	original	environmental	
conditions and compared their fitness with that of individuals from 
control	populations	 (i.e.,	 common-	garden	experiment	 [CG];	Conover	
&	 Schultz,	 1995;	 see	 Fig.	A2	 in	Appendix	 S1).	The	CG	experiments	
allowed us to test whether adaptation to a particular pollutant incurs 
adaptation	costs	when	the	population	experiences	a	nonpolluted	en-
vironment.	A	 lower	population	fitness	compared	to	the	control	pop-
ulations would show the adaptation costs of the populations that 
evolved	 in	 the	 polluted	 environments.	 Successive	 common-	garden	
experiments	at	generations	6,	9,	12,	15	and	18	of	 the	selection	ex-







adaptation to a particular pollutant incurs adaptation costs when the 
population	is	subjected	to	another	stressor.	We	predicted	that	adap-







2  | MATERIAL AND METHODS
2.1 | Population maintenance
Caenorhabditis elegans is a good metazoan model and is widely used 
in	microevolution	 experiments	 because	 of	 its	 short	 life	 cycle,	 small	
body	 length	 and	 ease	 of	 handling	 (Braendle,	Milloz,	&	 Félix,	 2008).	





This composite population ensured that its genetic architecture did 
not result from past selection pressures caused by the presence of 
a	 pollutant.	 Therefore,	we	 can	 be	 confident	 that	 the	 study	 popula-




At	 the	 start	 of	 our	 study,	 we	 placed	 500	 individuals	 in	 a	
9-	cm-	diameter	 Petri	 plate	 filled	 with	 an	 agar	 medium	 seeded	with	
one	ml	UV-	killed	Escherichia coli	 (OP50	strain)	as	a	food	source.	The	











vironmental conditions: a control environment and three polluted en-
vironments,	which	were	identical	to	the	control	in	all	aspects,	except	







and	 these	populations	were	 transferred	 into	a	new	Petri	dish	every	




end)	of	 the	experiment.	Before	generation	4,	part	of	 the	changes	 in	
the traits between two successive generations could be attributable 
to	 intra-	 and	 cross-	generational	 (i.e.,	 parental	 effects)	 phenotypic	
plastic	 response	 to	 the	novel	 environment	 (Mousseau	&	Fox,	1998;	




to	 selection	 (Dutilleul	 et	al.,	2013).	Generation	 time	varied	between	
treatments.	The	NaCl	treatment,	in	particular,	delayed	generation	time	




2.3 | Common- garden and reciprocal- transplant 
experiments
We	estimated	adaptation	costs	to	uranium	(U),	to	salt	 (NaCl)	and	to	
the	 alternating	 treatment	 (U/NaCl),	 respectively.	 Prior	 to	 measur-
ing	 the	 traits	 (see	 section	Measured	 life	history	 traits),	we	kept	 the	
different	 populations	 in	 their	 novel	 environment	 (i.e.,	 nonpolluted	
environment	 in	 common-	garden	 and	 U	 or	 NaCl	 environment	 in	
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reciprocal-	transplant	experiment)	for	three	generations	to	ensure	that	
the differences between populations only reflected genetic differen-
tiation	 between	 the	 populations	 and	 not	 parental	 effects	 (Kawecki	
et	al.,	2012;	Mousseau,	Uller,	Wapstra,	&	Badyaev,	2009).
Starting	 from	 generation	 6	 in	 the	 selection	 experiment,	 and	
then	 every	 three	 generations,	we	 ran	 a	CG	 experiment	 by	 isolating	
500 individuals from each replicate and putting them in the control 
environment	 (Fig.	 A2	 in	 Appendix	 S1).	 Genetic	 changes	 caused	 by	
adaptation to a specific treatment are reflected by phenotypic differ-
ences	between	the	populations	when	they	are	exposed	to	the	same	
environment	(Conover	&	Schultz,	1995;	Levins,	1968).	For	example,	a	
decrease in total fertility for populations that have evolved in the pol-
luted environment compared to the control populations indicated that 
adaptation costs had been incurred during adaption to that pollutant.
At	generation	18,	we	ran	an	RT	experiment	 in	which	samples	of	
each replicate population for each treatment were transferred into 
both	 U	 and	 NaCl	 environments	 (see	 Fig.	 A3	 in	 Appendix	 S1	 for	 a	
schematic	representation).	Adaptation	costs	should	be	revealed	by	a	
negative	interaction	between	the	treatment	(i.e.,	the	environment	in	
which	 the	 population	 has	 evolved	 during	 the	 selection	 experiment)	















assumed that a reduction of early fertility with an increase in late fer-
tility was an indicator of a longer generation time and conversely that 
an increase in early fertility and decrease in late fertility revealed a 
shorter	generation	time.	We	calculated	total	fertility	during	the	overall	
life of each hermaphrodite as the sum of early and late brood size. 
We	also	measured	body	bend	frequency	for	three	males	per	replicate	
at	96	hr	 (body	bend	 frequency	 is	also	measurable	 in	hermaphrodite	
individuals).	Body	bend	 frequency	 reflects	 speed	during	 locomotion	
(Tsalik	&	Hobert,	2003).	At	age	96	hr,	 the	 individuals	that	had	been	









fected	by	 the	 treatment	 in	 the	selection	experiment,	but	not	 in	 the	
CG	and	RT	experiments.	Moreover,	survival	was	not	affected	by	the	
interaction	between	the	treatment	and	the	generation	in	the	CG	ex-




of food supplied and the measurements are available in our previous 
study	(Dutilleul	et	al.,	2014).
2.5 | Statistical analysis
We	 used	 linear	 mixed	 effects	 models	 (LMMs)	 that	 were	 imple-
mented	within	a	Bayesian	Monte	Carlo	Markov	chain	(MCMC)	frame-
work	 (MCMCglmm	 package;	 Hadfield,	 2010)	 in	 the	 R	 software	 (R	
Development	Core	Team,	2012).	We	compared	 the	different	 treat-




iment. Replicate was used as a random effect to control for potential 
pseudo-	replication.	CG	experimental	data	were	used	 to	 test	 for	 the	
effects	of	treatment	(i.e.,	the	environment	in	which	the	population	had	
evolved),	generation	(i.e.,	the	generation	at	which	the	experiment	was	
performed)	 and	 their	 interaction	 on	 hermaphrodite	 traits	 (i.e.,	 early,	
late	and	total	fertility,	growth	rate)	and	on	male	traits	(i.e.,	growth	rate	
and	body	bend	frequency).	We	used	quadrivariate	and	bivariate	mod-
els	 for	hermaphrodite	and	male	 traits,	 respectively.	RT	experimental	





to zero. These two models differ in the fact that the traits are assumed 
to	 be	 genetically	 associated	 or	 independent	 of	 each	 other,	 respec-
tively.	To	avoid	any	bias	in	the	results	caused	by	mean	trait	differences,	
we rescaled the traits prior to analysis by subtracting each value from 
the mean of the sample and dividing it by twice the standard deviation 
(Gelman,	 2008).	We	 retained	 a	 slightly	 informative	 but	 proper	 prior	
(ν = k	−	1	+	0.002)	with	a	low	variance	parameter	(V	=	diag(k)*Vp*0.05),	
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supplementary	 evidence	 that	 the	 effect	was	 truly	 significant.	When	
comparing	a	trait	under	two	conditions,	we	also	checked	whether	the	
95%	HPDI	of	the	difference	between	the	whole	posterior	distributions	
of the trait for the two conditions overlapped 0.
3  | RESULTS
Differences	 among	 replicate	 populations	 represented	 between	 0%	
and	5.2%	of	the	overall	variance	in	the	traits	included	in	the	selected	
models	for	the	selection,	the	CG	and	the	RT	experiments	(Tables	1–3),	
which suggested that the sampling of the founder individuals in the 
different populations was random.
3.1 | Selection experiment




ment	 (fitness	 in	C	 at	 generation	 1:	 184.9	with	 95%	HPDI = [171.1;	
197.4],	 fitness	 in	C	at	generation	4	minus	generation	1:	4.3	 [−19.2;	









Between	 the	 successive	 CG	 experiments,	 we	 observed	 phenotypic	
changes	 in	 hermaphrodite	 and	 male	 traits	 over	 time	 (Figure	2	 and	
Table	2).	For	hermaphrodite	traits,	the	best-	fitting	model	included	an	
interaction between treatment and generation and showed that there 
was	 covariance	 between	 the	 traits.	None	 of	 the	 traits	measured	 in	














time:	5.6%	and	4.5%	per	generation,	 respectively,	 for	 the	U	and	U/



















Environment × generation 622.449 −29.655
Replicates	effect:	0.0%
The	total	variance	percentage	of	fitness	explained	by	replicate	random	ef-






Effect included within the 











Treatment environment 1041.722 −5.101
Treatment + generation 1023.955 −17.767





Treatment	 is	 the	environment	 in	which	 the	population	has	evolved	 (i.e.,	
control,	uranium,	salt	or	alternating	U/NaCl	treatment).	The	total	variance	
percentage	of	a	trait	explained	by	replicate	random	effects	is	shown	at	the	
bottom of the table. The retained models are in bold.


















but there were no differences between these other three population 
types.	The	same	pattern	was	found	for	late	fertility	in	the	transplant	NaCl	





































each	treatment	(control = empty	triangle,	uranium = filled	black	dots,	































Effect included within the 
model DIC Δ DIC
For	hermaphrodite	traits
– −654.464 –




















ment × treatment (no cov)
376.365 −1.876
Replicates	effect:	5.2%	(hermaphrodites)	and	3.0%	(males)
Treatment	 is	 the	environment	 in	which	 the	population	has	evolved	 (i.e.,	
control,	uranium,	salt	or	alternating	U/NaCl	treatment),	and	transplant	en-
vironment corresponds to the environment to which the populations were 
transplanted.	The	total	variance	percentage	of	a	trait	explained	by	replicate	
random effects is shown at the bottom of the table. The retained models 
are in bold.
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4  | DISCUSSION
We	found	that	C. elegans populations could rapidly adapt to both the 
uranium	 and	 salt	 environments	 (fitness	 increased	 between	 genera-
tion	4	and	the	end	of	the	selection	experiment:	Figure	1	and	Table	1).	
Adaptation	 to	 uranium	 or	 to	 salt	was	 associated	with	 some	 fitness	
costs,	as	shown	by	their	 lower	fertility	values	compared	to	the	con-
trol	 populations	 (i.e.,	 into	 the	 uranium	environment	 for	NaCl	 popu-
lations:	 Figure	3a,	 c	 and	Table	B2	 in	Appendix	 S2;	 into	 the	 original	
environment	 for	 U	 and	 NaCl	 populations:	 Figure	2a,	 c	 and	 Table	
B1	 in	Appendix	S2).	However,	 adaptation	costs	did	not	 seem	to	be	
systematic,	 and	 adaptation	 to	uranium	appeared	 to	be	beneficial	 in	
the	NaCl	environment	(Figure	3b,	c,	f	and	Table	B2	in	Appendix	S2).	
Furthermore,	adaptation	to	the	alternating	environment	appeared	to	
confer similar or even higher trait values than those for populations 
that	had	evolved	in	response	to	only	one	type	of	stressor	(Figure	3a	
and	Table	B2	in	Appendix	S2).	These	results	indicate	that	adaptation	
to different environments can lead to both fitness costs and bene-
fits.	Finally,	with	only	one	CG	experiment,	we	would	have	missed	the	
genetic differentiation in fertility in the salt compared to the control 
environment or in growth in the uranium compared the control en-
vironment	 (Figure	2a,	b	and	Table	B1	 in	Appendix	S2).	The	absence	
of evidence for genetic differentiation between populations at one 
particular	time,	as	is	generally	done	with	natural	populations,	does	not	
guarantee that the two populations are not actually diverging: only 
repeated	CG	experiments	can	show	the	dynamics	of	genetic	differen-
tiation over time.
4.1 | Life history and fitness responses to differential 
selection pressures
The populations subjected to each of the three polluted environments 
showed a strong decrease in fitness during the first generations and 
a	fast	increase	afterwards	(Figure	1	and	see	Dutilleul	et	al.,	2014	for	
F IGURE  2 Caenorhabditis elegans 
traits	in	a	nonpolluted	common-	garden	
environment	experiment.	Responses	
were measured every three generations 





growth. Symbols represent means and 
standard errors for three randomly 
sampled individuals from each of the 
six	replicates	(total	18	individuals	per	
treatment).	Traits	were	rescaled	prior	to	
analysis by subtracting each value by the 
mean of the sample and dividing it by 
twice the standard deviation. Regression 
lines correspond to the intercept and the 
slope posterior modes for each treatment 
distribution: control = small dashed 
line,	uranium = black	line,	salt = large 
dashed	line	and	alternating	U/NaCl	
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more	results	on	the	selection	experiments).	Differences	in	the	slopes	
of	the	trait	values	with	generation	in	the	successive	CG	experiments	
revealed	 evolutionary	 (i.e.,	 genetic)	 responses	 to	 the	 three	 polluted	
environments	(Table	B1	in	Appendix	S2).	Our	results	also	indicate	that	
populations responded to the different stressors with different life 
history adaptations.
In	 response	 to	 salt	 exposure,	 an	 extreme	 hypertonic	 stress,	
C. elegans regulates the rapid loss of water and solute content in its 




C. elegans populations responded to salt by reducing early and total 
fertility	 (Figure	2),	 thereby	 producing	 individuals	 with	 longer	 life	
cycles	and	 lower	 fertility.	Moreover,	NaCl	populations	 showed	 re-
duced survival compared to both uranium and control treatments 
(see	Fig.	C	and	Table	C2	in	Appendix	S3).	Consequently,	survival	may	
be more essential than the rapid production of a large number of 
embryos	for	the	NaCl	populations	(e.g.,	an	increase	in	maintenance	
costs because energy is diverted from reproduction towards water 
regulation).










ation time. Growing faster and becoming larger may allow individuals 
F IGURE  3 Average	traits	values	in	the	
reciprocal-	transplant	experiment.	Average	
values	and	their	standard	errors	(n = 18 
individuals)	for	populations	evolved	over	
18 generations in four different treatments 
(control,	U,	NaCl	and	alternating	U/NaCl)	




at generation 18 of the multigeneration 
experiment.	Traits	(rescaled	prior	to	analysis	
by subtracting each value by the mean of 
the sample and dividing it by twice the 
standard	deviation)	were	measured	after	






uranium = filled	black	dots,	salt = empty 
dots,	alternating	U/NaCl	treatment = filled 
grey dots 
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to	detoxify	 their	bodies,	prevent	 internalization	of	 the	pollutant	and	
reduce	 internal	 pollutant	 concentrations	 (Guedes	 et	al.,	 2006;	 Sibly	
&	Calow,	1989).	For	example,	uranium	severely	affects	the	intestinal	
epithelium	 in	 the	 earthworm,	 Eisenia fetida	 (Giovanetti	 et	al.,	 2010)	
and seems to decrease energy assimilation in C. elegans	 (Goussen	









towards	 slower	 life	 history	 strategies,	 whereas	 uranium	 and	 alter-
nating	U/NaCl	 populations	 seemed	 to	 have	 evolved	 towards	 faster	
life	histories.	Pollutants	may	 thus	have	strong	consequences	on	 the	
evolution of populations along the fast–slow life history continuum 
(Promislow	 &	 Harvey,	 1990;	 Stearns,	 1983)	with	 potentially	 strong	
implications for their dynamics. Such opposite selection pressures 
between	NaCl	 and	U	may	 lead	 to	maladaptation	 to	 the	other	 envi-




environment may help populations dealing with future environmental 




the traits associated to a particular life history strategy.




bears	 a	 fitness	 cost	 in	 terms	of	 tolerance	 to	uranium.	Furthermore,	




adaptation costs associated with evolution in response to pollutants 
(Jansen,	Stoks,	et	al.,	2011;	Mireji	et	al.,	2010;	Shirley	&	Sibly,	1999;	
Ward	&	Robinson,	2005;	Xie	&	Klerks,	2003	but	see	Coustau	et	al.,	
2000;	Reznick	 et	al.,	 2000;	McCart	 et	al.,	 2005;	 Lopes	 et	al.,	 2008).	
Such costs limit the ability of polluted populations to deal with their 
new environmental conditions once the environment is depolluted. 
Negative	cross-	environment	genetic	 correlations	caused	by	antago-
nistic pleiotropic effects are assumed to be at the origin of adapta-
tion	costs	(Falconer	&	Mackay,	1996;	Fry,	1993).	In	a	previous	study	









Nonetheless,	 selection	may	 still	 act	 on	 these	 traits.	 Adaptations	 to	
pollutants	include	a	reduction	in	pollutant	assimilation	(Xie	&	Klerks,	








Changes in life history traits observed in response to pollutants 
probably	reflect	changes	in	these	detoxifying	mechanisms	at	the	mo-
lecular,	 biochemical	 and	 physiological	 levels.	 Selection	 may	 favour	




increasing	 allocation	 to	 detoxifying	 functions.	Once	 the	 pollutant	 is	
removed,	 however,	 energetic	 costs	 related	 to	 these	 detoxification	








suggest that this is what has happened in the uranium environment.
Following	strong	pollution,	selection	pressures	may	reduce	genetic	
diversity over the short term at a faster rate than mutations can gen-
erate	new	diversity	(Athrey	et	al.,	2007;	Nowak	et	al.,	2009;	Ward	&	
Robinson,	2005).	The	low	variance	among	replicate	populations	in	the	
selection	 experiment	 (<	 4%	of	 the	 total	 trait	 variance,	 see	Dutilleul	
et	al.,	 2014	 for	 more	 details)	 indicates	 that	 genetic	 drift	 generated	
negligible random divergence among replicates for the studied traits. 
We	can	therefore	expect	 that	selection	will	act	mainly	on	a	popula-
tion’s	 standing	 genetic	 variation	 (Denver	 et	al.,	 2009;	 Mackay,	 Fry,	
Lyman,	&	Nuzhdin,	1994)	and	that	reductions	in	genetic	diversity	may	






Adaptation	costs	also	 seem	 to	depend	on	 the	 type	of	pollutant.	
For	example,	in	the	RT	experiment,	NaCl	populations	showed	signs	of	





try must correspond to the different pleiotropic effects associated 





environment	 (e.g.,	U	populations	 in	Figure	3b,	c,	 f).	These	results	 in-
dicate	potential	cross-	resistance	to	the	different	pollutants,	and	that	
adaptation to one particular environment leads to selective benefits 
in	another	environment.	Cross-	resistance	to	heavy	metals	 (e.g.,	cad-
mium	 and	 lead	 or	 cadmium	 and	 copper),	 or	 insecticides,	 has	 been	
found	 previously	 in	 plants,	 invertebrates	 and	 fish	 (McKenzie,	 1996;	
Ward	&	Robinson,	2005;	Watmough	&	Dickinson,	1995;	Xie	&	Klerks,	
2003).	To	 explain	 the	 beneficial	 effects,	 these	 researchers	 assumed	
that	detoxification	mechanisms	were	common	to	the	different	pollut-
ants. This could be possible when there is a single major gene or a few 
genes with effects specific to a class of pollutants or even to more 
general	 actions	of	pollutants	 (McKenzie,	1996;	Xie	&	Klerks,	2003).	
Knowledge	on	biochemical,	physiological	and	molecular	mechanisms	
that are associated with the adaptation to each pollutant would help 
us predict when populations may be able to adapt to a series of differ-
ent pollutants and in which combination of pollutants adaptive costs 
or	benefits	are	expected.
4.3 | Changing environments and the 
evolution of generalism
It is recognized that fluctuating or changing environments promote 
generalist genotypes and that constant environments promote spe-




the hypothesis that alternating or changing environmental conditions 
produce	generalist	genotypes	that	could	have	an	advantage	when	ex-
posed to a single pollutant. Similar results have been found in other 
systems.	Populations	of	viruses	exposed	to	an	alternating	regime	of	





shown enhanced fitness in a novel polluted environment for Drosophila 
melanogaster populations adapted to two alternating stressors com-
pared to populations adapted to only one of them. These results could 
change the classical vision that adaptation to several stressors de-
creases	the	adaptive	potential	of	populations	 (Hoffmann	&	Parsons,	
1991;	 Koskella	 et	al.,	 2012;	 Tilman	&	 Lehman,	 2001).	 Experimental	
evolution studies should thus mimic more precisely the temporally 
and spatially heterogeneous environments found in natural conditions 
to provide a better understanding of the adaptive potential of popula-
tions to pollutants.
4.4 | Implications for natural populations in polluted 
environments
Understanding	 the	 mechanisms	 and	 evolutionary	 consequences	 for	
populations subjected to sources of pollution has recently become a 
major research area because we need to improve ecological risk as-
sessment	 (ERA)	 processes	 (Coutellec	&	Barata,	 2011;	Klerks,	 Xie,	&	
Levinton,	2011).	Our	 results	confirm	the	existence	of	 trade-	offs	be-





can	 increase	 rapidly	 and	decrease	 (e.g.,	 reduction	of	 the	discharges,	
degradation	 or	 dilution	 of	 the	 pollutants	 in	 the	 ecosystem)	 and	 can	
vary	strongly	in	space	(Medina,	Correa,	&	Barata,	2007;	Morgan	et	al.,	
2007).	Populations	may	quickly	adapt	to	high	pollution	peaks	but	then	
will not be able to cope with a return to original conditions once the 
pollutions	cease,	or	will	be	less	able	to	adapt	to	a	new	stressor.	Thus,	
the interaction of anthropogenic stressors with other selection pres-
sures may have rapid and severe consequences on natural populations.
A	very	 large	number	of	pollutants	or	 stressors	 can	 lead	 to	 com-
pletely	different	and	opposite	life	history	strategies.	Consequently,	it	is	
a challenge to anticipate the evolutionary consequences of chemicals 
produced by industry or anthropogenic stressors as they may drive 
the populations in totally different directions and increase their risk 
of	 extinction.	 One	 important	 application	 of	 an	 experimental	 evolu-
tionary	approach	to	the	ERA	may	be	to	experimentally	expose	some	
model species to a variety of pollutants that have known effects on 
the	organisms,	so	that	we	can	develop	a	general	classification	of	evolu-
tionary responses by organisms to different classes of pollutants. The 
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